Parkinson's disease (PD) is a progressive neurodegenerative movement disorder primarily affecting the nigrostriatal dopaminergic system. The link between heightened activity of glycogen synthase kinase 3b (GSK3b) and neurodegenerative processes has encouraged investigation into the potential disease-modifying effects of novel GSK3b inhibitors in experimental models of PD. Therefore, the intriguing ability of several anesthetics to readily inhibit GSK3b within the cortex and hippocampus led us to investigate the effects of brief isoflurane anesthesia on striatal GSK3b signaling in na€ ıve rats and in a rat model of early-stage PD. Deep but brief (20-min) isoflurane anesthesia exposure increased the phosphorylation of GSK3b at the inhibitory Ser9 residue, and induced phosphorylation of AKT Thr308 (protein kinase B;
Parkinson's disease (PD) is a multifactorial neurodegenerative disease with no curative treatment. Gradual degeneration of dopaminergic neurons in the midbrain substantia nigra and resulting dopamine (DA) deficiency in the striatum are pathological hallmarks and causes of the progressive motor symptoms of PD (Schapira 2009; Meissner et al. 2011) . Drugs compensating striatal DA deficiency initially ameliorate motor symptoms associated with PD; however, their efficacy eventually subsides because of progressive neurodegeneration (Schapira 2009; Meissner et al. 2011) . Diseasemodifying therapies that prevent further neurodegeneration and/or bring adaptive neurorestorative changes are thus desperately needed for the management of PD symptomologies (Meissner et al. 2011) .
The established link between dysregulation of glycogen synthase kinase 3b (GSK3b), a promiscuous and multifunctional serine-threonine kinase (Jope and Johnson 2004) , and neurodegenerative processes has recently encouraged studies on the potential disease-modifying effects of novel GSK3b inhibitors in experimental models of PD with promising results (Credle et al. 2015; Golpich et al. 2015) . In addition to pharmacological inhibition, the activity and efficacy of GSK3b can be dynamically regulated through specific posttranslational phosphorylation modifications (Jope and Johnson 2004) . Phosphorylation of the inhibitory serine 9 residue within the N-terminus is considered among the most important mechanisms reducing GSK3b activity (Ilouz et al. 2008) . Intriguingly, diverse anesthetics, including the commonly used volatile anesthetic isoflurane, strongly and rapidly increases GSK3b
Ser9 phosphorylation in the adult rodent cortex and hippocampus (Li et al. 2005; Kohtala et al. 2016) . This prompted us to hypothesize that brief exposure(s) to isoflurane induces similar GSK3b
Ser9 phosphorylation in the striatum, and results in improved motor performance in a rat model of early-stage PD.
Materials and methods

Animals
Adult male Wistar rats (Laboratory Animal Center of the University of Eastern Finland, Kuopio, Finland; Charles River, Sulzfeld, Germany) were used. The rats weighed 200-300 g at the beginning of the experiments. Unless otherwise stated, the rats were grouphoused (3-4 rats/cage) in stainless steel cages and kept on a 12/12 h light/dark cycle (lights on at 07:00 AM) at an ambient temperature of 22 AE 1°C. Pelleted food (Teklad 2016S; Harlan Inc., Indianapolis, IN, USA) and tap water were freely available. The experiments were carried out during the light phase. The procedures were performed in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) and were approved by the County Administrative Board of Southern Finland (ESAVI/1350 /04.10.03/2011 , ESAVI-2014 ESAVI/10527/ 04.10.07/2014) . All efforts were made to minimize animal suffering.
Experimental design
The experiments were performed in three cohorts. In the first cohort, the acute effect of a single isoflurane anesthesia exposure (20-min) on GSK3b
Ser9 and AKT Thr308 phosphorylation in the cortex and striatum was investigated (N = 4/group). The second cohort addressed whether GSK3b Ser9 and AKT Thr308 phosphorylation is regulated within the striatum after repeated isoflurane administrations (20-min exposure delivered every 48 h for five times) in na€ ıve rats (N = 6/group). In the third cohort, the effects of repeated isoflurane exposures on GSK3b Ser9 and AKT Thr308 signaling, tyrosine hydroxylase (TH) protein expression, and motor performance in a rat model of early-stage PD (N = 9/group) were evaluated as follows: (i) unilateral intrastriatal injection of dopaminergic neurotoxin 6-OHDA (6-hydroxydopamine) was performed on day 0; (ii) isoflurane anesthesia (20-min) was first administered on days 7, 9, 11, and 13 after 6-OHDA lesion; (iii) motor performance was tested on day 14 (24 h after the previous anesthesia exposure); (iv) animals received a final 20-min isoflurane anesthesia exposure on day 15, after which striatal and nigral samples were collected for western blot analyses. This experimental setup allowed us to analyze both motor performance and molecular changes within the same animals. In each experiment, rats were assigned arbitrarily to treatment groups. Group sizes were determined on the basis of expected effect size and variation observed in our previous experiments (Kohtala et al. 2016; Leikas et al. 2017) . Power analyses were conducted using online tools (www.powerandsa mplesize.com) to determine a sufficient sample size using an alpha of 0.05, a power of 0.80, and estimated effect size of two in biochemical assays and 1.5 in behavioral tests as calculated by Cohen's d value (estimated mean difference between groups/pooled standard deviation). Based on the aforementioned assumptions, the desired minimum sample size for biochemical assays was four and for behavioral tests, seven. In the behavioral studies, the observer was blinded to the treatment and lesioning protocols. 
Deep isoflurane anesthesia
After anesthesia induction (3-4%~2 min), the anesthetic concentration was gradually reduced to~2% for 20 min (O 2 flow: 0.3À0.5 L/min). Control animals (sham anesthesia) were kept in the induction chamber for 2 min with flowing O 2 and no anesthetic. Animals were randomly assigned for the treatments. The depth of anesthesia set by the employed isoflurane administration protocol in rats was pre-determined using electroencephalogram (EEG) (Kohtala et al. 2016) (Fig. 1a) . Briefly, EEG electrodes were implanted under isoflurane anesthesia. Tetracaine and bupivacaine were used for local analgesia and buprenorphine (0.045 mg/kg, i.m., Temgesic â , Reckitt & Colman Products Ltd, Hull, UK) for postoperative care. Electrodes were placed bilaterally above the frontal cortex (Take out AP +2.7 mm; L AE 4.0 mm) (Paxinos and Watson 2007) . A reference electrode was placed above the parietal cortex (AP À2.0 mm; L À2.0 mm). Screw electrodes were fixed at one and a half turn into the skull, so that the tip of the screw sat just above the cortex. Recovery time after surgery was 2 weeks. The EEG signals were amplified and filtered (high/low pass: 1/100 Hz) with one-channel AC amplifier (ADInstruments Ltd., Bella Vista, New South Wales, Australia) and PowerLab/800s analog-digital converter (ADInstruments), and recorded using PowerLab (ADInstruments). The EEG data was processed using Spike2 (version 6; Cambridge Electronic Design Ltd., Milton, UK).
Dissection of brain samples and immunoblotting
Rats were killed by decapitation immediately after a single isoflurane/ sham anesthesia, or after the last of a train of consecutive anesthesia treatments. The brains were removed and cortex, both striata, and Representative cortical EEG spectrogram demonstrating the burst suppression pattern during isoflurane administration (4% induction for 2 min, 2% maintenance) (a). Effect of a single brief isoflurane anesthesia exposure (4% induction for 2 min, 2% maintenance for 20 min; N = 4/group) on GSK3b Ser9 phosphorylation (b) and AKT Thr308 phosphorylation (c) in the adult rat cortex and striatum.
Striatal GSK3b
Ser9 and AKT Thr308 phosphorylation after repeated (20-min anesthesia exposure every 48 h for total of five consecutive times; N = 6/group) isoflurane administration (d-f). *p < 0.05; **p < 0.01; ***p < 0.005, Student t-test. EEG, electroencephalogram; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GSK3b, glycogen synthase 3b; AKT, protein kinase B; ISO, isoflurane; Sham, rats in the induction chamber for 2 min with continuous O 2 flow (with no anesthetics). Optical densities were calculated with ImageJ 1.5 (National institutes of Health, Washington DC, USA). The expression levels of AKT, GSK3b, and TH were normalized to glyceraldehyde 3-phosphate dehydrogenase.
Unilateral 6-OHDA lesion model of early-stage Parkinson 0 s disease Lesions were performed as described (Leikas et al. 2017) . Briefly, the rats were anesthetized with pentobarbital (50 mg/kg, i.p.). Lidocaine was applied to the scalp and to the surface of the skull and a single dose of buprenorphine (0.02 mg/kg, s.c.) was given to relieve post-operative pain. The 6-OHDA (10 lg/4 lL) was infused into the right striatum (AP +1.0; L À2.7; DV À5.0) (Paxinos and Watson 2007 ) at a flow rate 0.5 lL/min. The needle was retained in position for 4 min to prevent backflow. The animals were housed individually for 3 days after the surgery.
Sensorimotor tests 6-OHDA-lesioned animals were administered isoflurane (or sham) anesthesia on days 7, 9, 11, and 13. On day 14 (24 h after a preceding isoflurane exposure) the nigrostriatal motor functions of the animals were evaluated using sensorimotor behavioral tests with a combined ipsilateral limb use score for each animal. The overall limb use asymmetry score was previously utilized by O'Dell et al. (2007) , and this approach has been shown to be more sensitive in detecting motor deficits in partially 6-OHDA-lesioned rats compared to individual tests alone (Leikas et al. 2017) . The battery consisted of sensorimotor tests with proven ability to detect diverse and varying levels of motor deficits caused by 6-OHDA lesion. In each test, the ipsilateral limb use was assessed by calculating successful limb placings with the following equation: (ipsilateral/ipsilateral + contralateral) À (contralateral/ipsilateral + contralateral). Thus, the calculated combined ipsilateral score values ranged from +1.0 (exclusive use of ipsilateral forelimb to the lesion), through 0 (no asymmetric limb use) to À1.0 (exclusive use of contralateral forelimb). The tests were performed by an experimenter, blind to treatments and lesioning protocols, consecutively in the following order (i) the vibrissae test, where the rat was held by its torso allowing the forelimbs to move freely. The vibrissae were brushed against the surface of a table, and the ability of the rat to place its forelimbs on the surface was monitored in 10 consecutive trials.
(ii) The cylinder test, where the rat was placed into a clear cylinder (20 cm diameter, 30 cm height) for 3 min. Animal 0 s exploratory behavior was video-recorded, and the use of ipsilateral and contralateral forelimbs were scored during vertical exploration along the cylinder walls. (iii) The movement initiation test, where the rat was held by its torso above a table surface so that one forelimb bore the weight of the animal. The average number of self-initiated steps in eight consecutive 10-second trials for each forelimb was monitored.
(iv) The adjusting steps test, where the rat was held by its torso above a table surface so that one forelimb bore the weight of the animal. The rat was moved laterally (~1 m) on the table top, first in the forehand and then in the backhand direction, and the number of stepping adjustments were calculated. The average number of adjusting steps taken in eight consecutive trials was monitored for each forelimb.
Statistical analysis
Results are expressed as a percentage of the Sham (intact side) anesthesia administration or intact side as mean AE SEM (standard error of mean). Statistical analyses were done in GraphPad Prism 5.03 software (GraphPad Software; GraphPad Software Inc., San Diego, CA, USA) using two-sample two-tailed Student t-test or, when applicable (two categorical independent variables), two-way ANOVA (analysis of variance) followed by Newmann-Keuls post hoc test. No data were excluded from the analyses. The criterion for statistical significance was set at p < 0.05.
Results
Isoflurane anesthesia increases GSK3b
Ser9 and AKT Thr308 phosphorylation in the cortex and striatum Isoflurane administration protocol consisting of~4% induction phase and~2% maintenance readily and rapidly induces the burst suppression pattern in the EEG (a representative EEG graph shown in Fig. 1a ). Such deep isoflurane anesthesia has been shown to increase GSK3b Ser9 phosphorylation in the adult rodent hippocampus (Kohtala et al. 2016) . To investigate whether isoflurane anesthesia produces similar phosphorylation of GSK3b in the striatum and cortex, we exposed na€ ıve rats to a 20-min isoflurane anesthesia exposure, and obtained cortical and striatal tissues for western blot analyses. Indeed, the phospho-GSK3b
Ser9 levels were significantly upregulated in both cortex and striatum (p < 0.005 and p < 0.05, respectively; Student t-test) of anesthetized animals (Fig. 1b) . The phosphorylation state of AKT Thr308 , one of the upstream regulators of GSK3b, was also significantly increased in both brain regions (p < 0.005 and p < 0.05, respectively; Student ttest) (Fig. 1c) . The ability of isoflurane to regulate striatal GSK3b
Ser9 phosphorylation was also observed following repeated administration (20-min anesthesia exposure every 48 h for a total of five times) (p < 0.001; Student t-test) although phosphorylation of AKT Thr308 was not significantly increased (p = 0.22, Student t-test) (Fig. 1d) .
Isoflurane regulates the striatal AKT-GSK3b pathway and improves motor deficits in an animal model resembling early-stage Parkinson 0 s disease Slowly developing degeneration of DA neurons within the nigrostriatal pathway is the pathological hallmark of PD. Although this pathology cannot be fully recapitulated in animals, intrastriatal injection of neurotoxin 6-OHDA produces gradual degeneration of nigrostriatal DA neurons and motor impairments resembling PD phenotypes in rats. We utilized our recently validated unilateral 6-OHDA rat model of early-stage PD (Leikas et al. 2017) to determine whether repeated brief isoflurane anesthesia exposures (20-min anesthesia exposure every 48 h for a total of four times; starting 7 days after 6-OHDA infusion) influences the emergence of sensorimotor impairments induced by intrastriatal 6-OHDA (Fig. 2a) . To reduce the potential acute influence of anesthesia motor performance, the sensorimotor test battery was performed 24 h after the preceding isoflurane administration. As expected, rats subjected to repeated sham anesthesia (O 2 ) preferred the use of the ipsilateral limb corresponding to the lesion site, as revealed by the combined ipsilateral limb use score from the behavioral tests (Fig. 2b) . Importantly, these sensorimotor deficits were completely absent in animals exposed to brief isoflurane anesthesia delivered every second day for a total of four consecutive times ( Fig. 2b ; O 2 vs. isoflurane: p < 0.05; Student t-test). To assess locomotor activity of the animals, the amount of spontaneous exploratory rearings in the cylinder test were monitored. We found no statistical difference between treatment groups (sham 17.7 AE 1.6; Isoflurane 15.8 AE 2.2; p = 0.500; Student ttest), indicating normal locomotor activity in isofluranetreated animals.
To confirm that the ability of isoflurane to regulate GSK3b phosphorylation is not altered by progression of the 6-OHDA-induced lesion, we exposed the animals to one more anesthesia treatment and collected striata for analysis. The ratio of phospho-GSK3b Ser9 /total-GSK3b was similarly upregulated in the striatum of both lesioned and non-lesioned animals following anesthesia exposure ( Fig. 2c ; p < 0.05 on intact side, p < 0.01 on lesioned side; Newmann-Keuls post hoc test). Isoflurane also increased phospho-AKT Thr308 levels to the same degree in both striata ( Fig. 2d ; p < 0.01 on intact side, p < 0.05 on lesioned side, Newmann-Keuls post hoc test). However, since basal phospho-AKT Thr308 levels tend to be elevated in the lesioned side, the effect of isoflurane appears more prominent in this side. Isoflurane also increased AKT protein levels in both intact and lesioned striatum although this effect was statistically significant only in the latter (p < 0.05, sham vs. isoflurane on lesioned side; Newmann-Keuls post hoc test) (Fig. 2d) . The total protein levels of GSK3b remained unaltered by the lesion or anesthesias (Fig. 2c) .
To investigate whether isoflurane directly influences the progression of 6-OHDA-induced lesion, we measured the total levels of TH, a marker of dopaminergic neurons, in the striatum. TH levels were similarly down-regulated in the lesioned striatum compared to intact side of both sham and isoflurane-treated rats (p < 0.05 and p < 0.01, respectively; Student t-test) (Fig. 2e) . This result indicates that the apparent beneficial effects of isoflurane anesthesia exposure against sensorimotor impairment in 6-OHDA-lesioned rats is not directly attributed to neuroprotection. Determination of striatal TH immunoreactivity in brain sections is, however, required to confirm this hypothesis.
Intrastriatal low-dose 6-OHDA infusion initially affects dopaminergic projections in the striatum and gradual loss of TH (and neuroapoptosis) within the substantia nigra is observed several weeks thereafter (Penttinen et al. 2016) . Indeed, TH levels in substantia nigra were not significantly different between the non-lesioned and lesioned samples at 2-weeks after toxin delivery in both the sham and isofluranetreated rats (Fig. 2f) .
Discussion
GSK3b gene polymorphism, as well as GSK3 hyperactivity are associated with PD, and GSK3b inhibitors are expected to provide therapeutic benefits against PD pathologies (Kalinderi et al. 2011; Credle et al. 2015; Golpich et al. 2015) . This study was set forth to investigate whether the ability of isoflurane, a commonly used volatile anesthetic, to regulate GSK3b signaling within the hippocampus (Kohtala et al. 2016) can be recapitulated in the rat striatum, where DA depletion is the underlying cause of motor deficits in PD. Indeed, phosphorylation of the inhibitory Ser9 residue of GSK3b was significantly increased in striatum after a single and repeated exposure to a brief isoflurane anesthesia in adult na€ ıve rats. Concomitant phosphorylation of AKT, a negative regulator of GSK3b activity (Cross et al. 1995) was also observed indicating that isoflurane renders GSK3b inactive via AKT, although other kinases may also be involved (Pap and Cooper 1998; Jope and Johnson 2004) . Guided by these results, we studied the effects of isoflurane on striatal AKTGSK3b signaling and motor deficits in a rat model of earlystage PD. Our recently described intrastriatal unilateral 6-OHDA infusion protocol reproducibly produces 40-60% depletion of striatal DA in the lesioned hemisphere, and causes motor deficits that can be quantified by a sensitive sensorimotor test battery (Leikas et al. 2017) . Importantly, isoflurane anesthesia readily regulated AKT-GSK3b signaling in the 6-OHDA-lesioned striatum and ameliorated motor deficits observed in this model.
Increased oxidative stress, mitochondrial dysfunction, and/ or neuroinflammation may contribute to dopaminergic neurodegeneration associated with PD (Schapira 2009 ). Inactivation of GSK3b by the phosphoinositide 3-kinase/AKT signaling pathway regulates inflammatory pathways; GSK3b inhibition reduces the production of pro-inflammatory intrastriatal 6-hydroxydopamine (10 lg) administration was performed on day 0. Animals were exposed to isoflurane (4% induction for 2 min, 2% maintenance for 20 min; N = 9) or sham conditions (rats in the induction chamber for 2 min with O 2 flow on; N = 9) on days 7, 9, 11, and 13. On day 14 (24 h after previous anesthesia exposure), animals were subjected to behavioral tests, assessing sensorimotor functions (cylinder, vibrissae, movement initiation, and adjusting step tests). The animals were exposed to an additional isoflurane/sham anesthesia treatment on day 15, after which the striata were collected for analyses.
(b) Effect of repeated isoflurane anesthesia exposure on motor functions (combined ipsilateral limb use score of sensorimotor performance); (c) Phospho-GSK3b Ser9 /total-GSK3b ratio and total GSK3b normalized to GAPDH; (d) Phospho-AKT Thr308 /total-AKT ratio and total AKT normalized to GAPDH; (e) The ratio of TH protein in lesioned versus intact striatum. (f) The ratio of TH protein in lesioned versus intact substantia nigra area. #/ *p < 0.05; ###/ ***p < 0.005, Student ttest (b, e-f) or two-way ANOVA followed by Newmann-Keuls post hoc test (c-d). GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; GSK3b, glycogen synthase 3b; AKT, protein kinase B; ISO, isoflurane; I, intact hemisphere; L, lesioned hemisphere; TH, tyrosine hydroxylase.
cytokines (like IL-b, IL-6, and IFN-c) and increases the release of anti-inflammatory cytokines (like IL-10) by modulating a crucial pro-inflammatory pathway through NF-jB (Martin et al. 2005; Zhang et al. 2014) . Moreover, activation of phosphoinositide 3-kinase/AKT signaling and GSK3b inhibition bring anti-apoptotic effects (Pap and Cooper 1998) and exert neuroprotection in both in vitro and in vivo models of PD (Kozikowski et al. 2006; Wang et al. 2007; Gong et al. 2012 ). Yet, we did not find any effect of isoflurane on TH levels in striatum or substantia nigra after consecutive treatments. As isoflurane has been shown to modulate extracellular levels of DA (Irifune et al. 1997; Votaw et al. 2003; Adachi et al. 2005 ) -a functional and clinical biomarker of PD (Haas et al. 2012 ) -the observed improvement in motor performance after consecutive exposures to isoflurane anesthesia could be related to adaptive mechanisms leading into increased DA signaling in striatum rather than direct neuroprotection in the nigrostriatal dopaminergic pathway. Further studies with different isoflurane administration protocols and assessment of both cellular (DAT, TH+ cells) and functional (TH activity, DA levels) markers of the nigrostriatal dopaminergic pathway at different stages of 6-OHDA-induced lesions are needed to test this hypothesis. Notably, and as observed in some previous studies (Bychkov et al. 2007 ), phospho-AKT Thr308 tends to be elevated in the striatum in response to 6-OHDA. Interestingly, however, this was not reflected as an increased phosphorylation of GSK3b
Ser9 . Isoflurane also significantly increased the total levels of AKT.
With dozens of putative substrates, GSK3b orchestrates a plethora of cellular functions (Beurel et al. 2015) . Indeed, dysregulation of GSK3b has been associated with numerous neurological and psychiatric conditions such as Alzheimer's disease, mood disorders, multiple sclerosis, and PD. Likewise, the beneficial effects of many of the currently available treatment interventions, including the mood-stabilizer lithium and the rapid-acting antidepressant ketamine, are related, in part, to their ability to inhibit GSK3b (O'Brien and Klein 2009; Zarate and Machado-Vieira 2016) . In addition, lithium has been shown to produce neuroprotective effects in some animal models of PD (Lieu et al. 2014; however, see Yong et al. 2011) . Interestingly, the electroconvulsive therapy (ECT), an intervention used to treat drug-resistant depression and schizophrenia, readily inhibits GSK3b (Roh et al. 2003; Kang et al. 2004) , and provides anti-parkinsonian effects in animal models (Nomikos et al. 1991; Strome et al. 2007; Tsen et al. 2013) . Intriguingly, ECT has been shown to ameliorate severe motor deficits in non-depressed patients with advanced PD (Andersen et al. 1987; Fall et al. 1995) . Our observations support the hypothesis that GSK3b inhibition may provide beneficial effects in animal models of PD and provide evidence suggesting that clinically used anesthetics may function through this pathway. While general anesthesia (like ECT) cannot be considered as convenient therapeutic intervention for the management of PD, this brief report suggests that the therapeutic potential and molecular mechanisms of diverse anesthetics, in addition to administration protocols, should be evaluated in experimental models of PD to find potential new leads for the development of novel disease-modifying therapies.
